INTRODUCTION
Scleractinian corals are sessile benthic organisms that can feed on a large range of food sources, from dissolved organic carbon (DOC) (Al-Moghrabi et al. 1993 ) and bacteria (Sorokin 1991) to macrozooplankton (Sebens et al. 1996) . Heterotrophy is important for most corals (Sebens et al. 1996 , Houlbrèque et al. 2003 ; it is primarily a source of nitrogen, phosphorus and amino acids not supplied via symbiont photosynthesis (Muscatine & Porter 1977) , which mostly brings carbon-rich compounds to the animal (Sebens 1987 , Lewis 1992 , Cook et al. 1994 , Risk et al. 1994 . Heterotrophy can, therefore, be an important source of energy depending on the environmental conditions, since it may bring more than 60% of the total energy to corals living in deep waters or in shaded environments (Falkowski et al. 1984) . A strong heterotrophic signature has been found in the isotopic composition of the tissue and skeleton of deep corals (Muscatine & Kaplan 1994 , Grottoli & Wellington 1999 , Grottoli 2000 . Several studies have shown that an input of particulate food induces significant changes in most of the physiological parameters of scleractinian corals. Photosynthetic rates, as well as tissue and skeletal growth rates, are highly enhanced in fed compared to starved corals (Witting 1999 , Anthony & Fabricius 2000 , Houlbrèque et al. 2003 .
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). Pico-and nanoplankton may, therefore, constitute an important food source for these corals.
KEY WORDS: Scleractinian corals · Heterotrophy · Grazing rates · Picoplankton · Nanoplankton · DOC · DON Resale or republication not permitted without written consent of the publisher , Sebens et al. 1996 , Witting 1999 ). Most of the above studies have concentrated on the ingestion of meso-and macrozooplankton over time scales of hours. They have shown that corals can be active predators, ingesting from 0.5 to 2 prey items per polyp (Sebens et al. 1996) . Very few studies have investigated the ability of scleractinian corals to feed on picoand nanoplankton (fraction <100 µm including bacteria, cyanobacteria, flagellates and ciliates (Azam et al. 1983) . Microbial communities play a key role in marine food webs (Pomeroy et al. 1974 ) since they are the main contributors to pelagic planktonic communities in terms of biomass (Stockner & Antia 1986 , Ducklow 1990 ) and production (Platt et al. 1983) . In reef waters, concentrations may be as high as 10 6 bacteria ml -1 , 10 4 to 10 5 cyanobacteria ml -1 and up to 10 4 total flagellates (Ducklow 1990 , Sorokin 1991 ). Due to their rapid growth rates, heterotrophic bacterioplankton account for a significant part of the carbon and nitrogen flow to upper trophic levels (Azam et al. 1983) . As a consequence, much research has been conducted on the dynamics of these planktonic communities in reef waters. Sorokin (1973) was one of the first to suggest that corals consume organic phosphorus in forms of planktonic bacteria rather than taking up inorganic phosphorus at the same concentrations. Herndl & Velimirov (1985) found a large bacterial population within the coelenteron of 4 anthozoan species, suggesting that corals are able to farm and feed on bacteria. It has also been demonstrated that corals can actually feed on bacteria and protozoa in culture (Farrant et al. 1987 , Sorokin 1991 or on particulate matter in general (Anthony 1999). Bak et al. (1998) measured a significant consumption of bacteria by colonies of Madracis mirabilis. In parallel, some studies also showed that pico-and nanoplankton were actively removed from the water flowing above reef flats (Moriarty et al. 1985 , Ayukai 1995 and that phytoplankton was largely used by soft corals for their nutritional needs (Fabricius et al. 1995 (Fabricius et al. , 1998 . More recently, Ribes et al. (2003) calculated high rates of pico-and nanoplankton uptake by coral reef communities (including corals, sponges, tunicates, cnidarians and bryozoans) incubated in a flume tank. DOC has also to be taken into account as a potential food source for corals; it constitutes the vast majority of the organic carbon pool in the oceans (Sharp 1997) and was shown to be a significant food source for several aquatic metazoans (Reiswig 1971 , Smith & Kaufmann 1999 , Yahel et al. 2003 including corals (Al-Moghrabi et al. 1996) .
No experimental or in situ studies have investigated the uptake of pico-and nanoplankton by individual scleractinian corals. However, such studies have been performed on hydrozoans (Coma et al. 1999) , octocorals (Ribes et al. 1998 ) and gorgonians (Ribes et al. 1998 (Ribes et al. , 1999 . Description and quantification of the diet are, however, essential for assessing the amount of energy transferred from the plankton to the benthos.
MATERIALS AND METHODS
Biological material. This study was conducted on 3 different species: 2 zooxanthellate scleractinian corals, Stylophora pistillata (Esper, 1797) and Galaxea fascicularis (Linnaeus, 1767) collected in the Gulf of Aqaba (Red Sea); and an azooxanthellate coral, Tubastrea aurea collected in South East Asia. S. pistillata has small polyps and is widely distributed in the whole Indo-Pacific area (Veron 2000) . Gattuso (1987) showed in the Gulf of Aqaba that this species inhabits a wide bathymetric range from the surface to 100 m depth. G. fascicularis, with much larger polyps, is also widely distributed throughout the Indo-Pacific as a common and dominant component of inshore fringing reefs (Veron & Pichon 1976 , Veron 2000 . Tubastrea species are found on most of the world's coral reefs and are commonly seen on exposed rocks alongside zooxanthellate corals (Veron 2000) . They are characterized by big corallites with porous walls. The 3 species were maintained at least 3 mo in the laboratory under controlled conditions. For the feeding experiments, colonies were prepared (either by cutting the apical end branches for S. pistillata, or individual polyps for the other 2 species) to produce nubbins. Coral nubbins were glued on Plexiglas ® slides with underwater Epoxy ® glue and were allowed to grow for 3 to 4 wk until they reached a height of ca. 3 cm for S. pistillata and 2 cm diameter for the other 2 species. The whole skeleton of these nubbins was covered with tissue. Ten slides were prepared for each species.
Feeding experiments. Uptake of DOC and predation on pico-and nanoplankton were assessed using Plexiglas ® flow tanks according to Levy et al. (2001) , based on the procedures described by Vogel & LaBarbera (1978) . Each tank was 40 cm long × 4 cm wide × 10 cm high and was incubated in a water bath maintaining a constant temperature of 26°C. In the tanks, water was re-circulated by a motor-driven propeller with a defined rotational speed. Flow velocity was measured by following the movement of brightly illuminated plastic beads added to the water. The bead movements were recorded with a video camera and the flow velocity was calculated as described by Trager et al. (1990) . It has been shown that particle capture in corals is dependent on the water flow. The flow giving maximal particle capture is itself dependent on the coral species and the type of food (Kim & Lasker 1997 , Sebens et al. 1997 ). Flow test experiments were, therefore, performed and showed that maximal ingestion rates for Galaxea fascicularis, Stylophora pistillata and Tubastrea aurea were found at flow rates of 2.7, 3.6 and 7 cm s -1 , respectively (data not shown). These flows were not very different from each other since they are at the lower range of flows that might be experienced by corals in situ (Atkinson & Bilger 1992 , Helmuth & Sebens 1993 , Fabricius et al. 1995 , Anthony 1997 . Subsequent experiments were all performed under these flow conditions in summer (July-August), when the surface seawater temperature was ca. 25°C to avoid any temperature stress for the micro-organisms.
For each experiment, 4 tanks were filled with 1.5 l of Mediterranean seawater prepared as described below. Seawater was taken every morning in front of the laboratory (collection site: 2 m depth, NW Mediterranean Sea, at 200 m from the coast), filtered through a 100 µm mesh size filter to exclude large zooplankton, and then concentrated 4 times on a 1 µm filter using a reverse filtration apparatus to avoid cell breakage and lysis (Sheldon & Rassoulzadegan 1987) . Three coral nubbins, from the same species, were incubated in each of 3 tanks, while 1 tank was kept as a control (without corals). For each coral species, a total of 10 incubations were carried out over 6 h in the dark. Control tanks (without corals) were very important in this kind of experiment since they allowed us to estimate the decrease in pico-and nanoplankton concentrations due to internal grazing (within the microbial loop), or natural death. This decrease is independent of coral predation and has to be taken into account in the following equations for grazing rate.
Samples were taken in each chamber at the beginning and at the end of the 6 h incubation (after having thoroughly mixed the seawater). Three samples (triplicates of 10 ml) were fixed with paraformaldehyde (0.4% final concentration), stained with DAPI (Porter & Feig 1980) , filtered on 0.22 µm black Nuclepore filters and frozen at -20°C until further analysis. The filters were used for the visual quantification of pico-and nanoplankton (heterotrophic bacteria, cyanobacteria, auto-and heterotrophic flagellates) on an epifluorescence microscope . Bacteria and heterotrophic flagellates were stained with DAPI and counted under UV excitation. Autotrophic cells were counted under blue light excitation. Carbon and nitrogen content of prey items were estimated using literature conversion factors (summarized in Tables 1 & 2) . These factors are those used in the other studies on anthozoan feeding. The cell size was measured under a microscope and cell biovolumes were estimated assuming the nearest geometrical shape (Edler 1979) . Biovolumes were equal to 0.048, 0.2, 1.77 and 65.45 µm 3 for heterotrophic bacteria, cyanobacteria, and pico-and nanoflagellates, respectively. Three 50 ml water samples were preserved with Lugol's acid (10% final concentration) and settled in Utermöhl chambers for the quantification of ciliates on an inverted microscope. DOC was measured by filtering 10 ml water samples through pre-combusted GF/F glass fiber filters. The filtered water was stored in prescored vials (Wheaton) at -20°C until analysis by high-temperature catalytic oxydation on an autoanalyzer (Shimadzu TOC-5000). Grazing rates were calculated according to the equations of Ribes et al. (1998) , derived from the equations of Frost (1972) , which take into account the growth of the prey during the incubations. The growth rate of the prey (k, h -1 ) was calculated as:
where C 0 and C t are the prey concentrations in the chambers (cell ml -1
) at the initial time T 0 and at the final time T t , respectively. g is the grazing coefficient (h -1 ) calculated as:
where k c is the prey growth rate in the control chamber (h
) and k g is the growth in the coral chambers (h -1 ). The ingestion rate I (prey ingested ind.
-1 h -1
) is: where
) is the filtration rate calculated as follows:
where V is volume of seawater in the chamber (ml), g the grazing coefficient (h -1 ) and N the total concentration of prey in the chamber (cells ml -1 ). C is the average prey concentration (cells ml -1 ) during the experiment calculated as follows:
We chose to express ingestion rates either per protein content or per polyp, which are the 2 parameters involved in food capture (since protein is a measure of the total tissue biomass and polyps are the predation unit). Presently, polyp is the most common sizenormalizing parameter in coral feeding studies (Clayton & Lasker 1982 , Lasker et al. 1983 , Sebens et al. 1996 , Ribes et al. 1998 , 1999 , Piniak 2002 ) and protein normalization allows comparison between species. Skeletal surface area was not a good normalization unit in this experiment because of the shape and the size of polyps of Tubastrea aurea and Galaxea fascicularis species (Table 2) . These 2 species indeed have large polyps deeply penetrated by coral tissue to a depth of several millimeters. Edmunds & Gates (2002) already observed that none of the available methods for calculating surface skeletal area quantify the actual area of coral tissue, which arguably is more biologically relevant than skeletal area in normalizing the flux of important solutes or particles. These authors, therefore, concluded that normalizing to biomass (protein) is the most effective method to account for coral size in comparative studies.
The total number of polyps for each colony was counted, using a dissecting scope for the species Stylophora pistillata. The protein content of the colony tissue was measured, after tissue extraction with a Water Pick, using the BC Assay Kit (Interchim). This measurement is based on the colorimetric determination of the amount of protein (Smith et al. 1985) . The standard curve was established with bovine serum albumin standards.
RESULTS
The characteristics of the 3 coral species studied are summarized in Table 2 . The range of prey concentrations at the beginning of the experiments was: bacteria (850 ± 33 × 10 3 cells ml -1
), cyanobacteria (52.7 ± 7.4 × 10 3 cells ml -1
), heterotrophic pico-and nanoflagellates (9.6 ± 4.9 × 10 3 and 4.8 ± 2.8 × 10 3 cells ml -1
, respectively), autotrophic pico-and nanoflagellates (1.7 ± 0.9 × 10 3 and 1.9 ± 0.9 × 10 3 cells ml -1
, respectively). Ciliate concentrations were too low (0.126 ± 0.15 cells ml -1 ) to detect any significant consumption by the corals and are, therefore, not taken further into account. Fig. 1 shows the mean growth rates obtained for each picoand nanoplankton group in the control and experimental tanks after 6 h incubation. These growth rates are mean values of 15 incubations performed for each coral species. They are either positive, when cell concentrations increased during the incubation, or negative, when cell concentrations decreased. We observe that in the control tanks, there is no important positive ) calculated from Eq. (1) and obtained in the control and experimental tanks for the different groups of organisms. Data represent mean and standard deviation of 15 incubations (for each species). White and black bars represent growth rates measured in the control and experimental tanks, respectively. CYA: cyanobacteria; APF: autotrophic picoflagellates; ANF: autotrophic nanoflagellates; HPF: heterotrophic picoflagellates; HNF: heterotrophic nanoflagellates; BA: bacteria or negative growth, meaning that cell concentrations remained stable in the absence of coral grazing. However, in the experimental tanks containing coral nubbins, cell concentrations largely decreased during the incubation. This population change was taken into account in the equations used to calculate the number of prey ingested. In terms of number of prey ingested, normalized either to the protein content (Table 3) or the number of polyps (Fig. 2) , bacteria were quantitatively the major group, followed by cyanobacteria and heterotrophic flagellates (ANOVA, p < 0.05). The proportion of each type of prey ingested was comparable for all coral species (90.4 ± 2.2% of bacteria, 5.3 ± 2.0% of cyanobacteria, 2.4 ± 1.3% of total heterotrophic flagellates, and 1.9 ± 0.5% of total autotrophic flagellates).
When converted into amounts of carbon and nitrogen ingested, per polyp or per protein, nanoflagellates (both auto-and heterotrophic) represented the most important contribution, i.e. 84 to 94% of the total C input and 51.9 to 85.18% of the total N (Table 3, Fig. 3 ). Bacteria, cyanobacteria and picoflagellates contributed only 1 to 7% of the total ingested amounts of carbon and nitrogen. When results are expressed per protein, we observed higher ingestion rates for the 2 symbiotic species compared to the asymbiotic one (Table 4) . Ingestion rates were proportional to the prey concentration in seawater (Fig. 4) , with correlation coefficients close to 1 for the 3 coral species.
As far as DOC is concerned, concentrations increased in the incubation chambers containing Tubastrea aurea and Galaxea fascicularis (Table 5) compared to the change in DOC concentrations measured in the control chambers. These 2 species released DOC with rates, normalized per protein, 10 times higher for G. fascicularis compared to T. aurea. In all chambers containing Stylophora pistillata colonies, DOC concentrations decreased (compared to DOC changes in the control chambers). Contrary to the 2 other species, S. pistillata took up DOC at a rate of 1.02 × 10 -2 µmol mg -1 protein h -1 (Table 5) .
DISCUSSION
Pico-and nanoplankton dominate planktonic biomass and production in many oceanic regions (Tremblay & Legendre 1994), where they contribute largely to the flow of carbon and nitrogen through the trophic chain. Up to now, coral feeding studies have mostly been limited to studying the capture of large organisms, which are easily recognizable in the gut content of the polyps (Porter 1974 , Lasker 1981 , Sebens & Johnson 1991 , 1996 , Witting et al. 2002 . However, gut content examination does not allow estimations of the grazing rates of small and soft-bodied prey such as pico-and nanoplankton because they are rapidly digested. Few studies have, therefore, been conducted on the ability of scleractinian corals to feed on the planktonic fraction <100 µm (DiSalvo 1971 , Sorokin 1973 , Farrant et al. 1987 ). All the above studies showed that corals are able to feed on this type of prey. Sorokin (1973) was the first to use labelled bacteria to show that corals feed on bacterioplankton. Later, incubated corals with 3 H-labelled bacteria and ciliates. After a few hours, the amount of radioactivity measured in the coral tissue was proportional to the amount disappearing from the medium.
Our results indicate that 3 different coral species, symbiotic and asymbiotic, with small or large polyps, show a significant uptake of micro-organisms. Indeed, in the control tanks containing no coral colonies, no large decrease in prey concentrations (or in prey growth rate) could be observed. Comparable results were also observed by Ribes et al. (1998) in their experimental and control chambers. This is the first time that coral feeding on a mixture of micro-organisms has been investigated, since in previous papers (Di Salvo 1971 , Sorokin 1973 , Farrant et al. 1987 , only 1 type of prey was used. In the present experiments, planktonic cells were concentrated 4 times to monitor as quickly as possible a significant change in cell concentration due to coral grazing, without enclosing corals for too long in the flume chambers. The use of short incubations also reduced the changes that might occur in the planktonic community (death due to enclosure or grazing of picoplankton by nanoplankton). Despite being concentrated, cells in our incubation chambers remain within the range of concentration observed in reef waters (Ribes et al. 2003) . As already noticed in several studies on feeding (Anthony 1999, Ribes et al. 2003 ), anthozoan ingestion rates were a linear function of particle concentration. This suggests that either the particles stick to the coral mucus or that there is an active filtering taking place in the coral colonies. Six different feeding mechanisms have been described for corals (LaBarbera 1984) and one of the major mechanisms involved in uptake of small particles is the production of mucus nets (Muscatine 1973 ).
Release of mucus also serves to trap bacteria, which can use the dissolved and particulate matter contained in the mucus for their own growth, and in turn be grazed by protozoa that regenerate nutrients and represent potential food source for corals (Wild et al. 2004) . Nanoflagellates (both auto-and heterotrophic) seem to be a major food source for the 3 corals studied, in terms of carbon and nitrogen content. In this experiment, they represent 84 to 94% of the total ingested carbon and 52 to 85% of the total ingested nitrogen and, therefore, appear to be a most important group in the 'micro-diet' of the corals. This strongly suggests that only nanoplankton-sized cells might be of significant importance for coral nutritional needs. This was already observed for other anthozoans such as gorgonians (Coma & Ribes 2003 , Ribes et al. 2003 . It was shown that Leptogorgia sarmentosa and Paramuricea clavata did not significantly capture prey smaller than nanoeukaryotes and that detrital particulate organic carbon constituted the bulk of the animals' diet (Ribes et al. 2003) . The slight amount of carbon (7%) derived from picoplanktonic cells (bacteria and cyanobacteria) might still provide essential amino-acids and vitamins (Bythell 1988) . We found that the amount of carbon and nitrogen taken up by the 2 symbiotic species per unit protein is the same, independent of polyp size. The symbiotic species do, however, seem to ingest more carbon and nitrogen per protein than the asymbiotic species, which maybe relies more on large prey for its nutritional needs (and is more adapted to the capture of these large prey, due to its large polyps and long tentacles).
In the species Stylophora pistillata, maintained under our laboratory conditions (350 µmol photons m -2 s -1 ), the amount of carbon provided by photosynthesis was estimated to be equal to 4773 ng C mg -1 protein h -1 (Houlbrèque et al. 2003) . The total ingestion of pico-and nanoplankton (317 ng C mg -1 protein h -1 ), therefore, represents 6.6% of the total amount of car- , author's unpubl. data). The amount of nitrogen due to nanoplankton compared to the other sources of nitrogen can also be estimated. S. pistillata, for example, is able to take up ammonium and nitrate (at in situ concentrations) at a rate of ca. 2 ng N cm -2 h -1 (Grover et al. 2002 (Grover et al. , 2003 . In addition to inorganic nitrogen, corals can also take up some labile dissolved organic nitrogen, such as dissolved free amino acids (DFAA). Only limited data exist on DFAA uptake by corals (Ferrier 1991 , Hoegh-Guldberg & Williamson 1999 . Hoegh-Guldberg & Williamson (1999) ). This is a maximum value since it was after a 5 µM enrichment in 15 N-DFAA. Therefore, the maximal amount of total inorganic nitrogen taken up is ca. 1.55 ng N polyp -1 h -1
. Our estimations show that small planktonic cells bring as much nitrogen as the dissolved source. This planktonic contribution can be underestimated if the amount of nitrogen in the picoand nanoplankton is higher, as has recently been suggested (Gundersen et al. 2002 , Heldal et al. 2003 ), but only for 1 or 2 groups of organisms. This additional carbon and nitrogen derived from food might be important for enhancing coral growth rate (Houlbrèque et al. 2003) .
Concerning the dissolved fraction, the interpretation of the DOC results remains complex. A significant release of DOC was observed in 2 out of 3 species, namely Galaxea fascicularis and Tubastrea aurea, compared to the change in DOC concentrations (Crossland 1987 , Bythell 1988 , Yamamuro & Kayanne 1997 ). Crossland (1987 was one of the first to investigate release rates of mucus and DOC-lipid in Acropora variabilis. He found that DOClipid represented 75% of the total excreted organic carbon and 10 to 21% of the net photosynthetically fixed carbon. showed that DOC release by the coral G. fascicularis accounted for ca. 11 to 14% of the daily photosynthetically fixed carbon. Wild et al. (2004) finally showed that the mucus released by corals trapped particles and made them available to the heterotrophic reef community. Conversely to G. fascicularis and T. aurea, DOC concentrations decreased in all tanks containing Stylophora pistillata (after having taken into account DOC changes in the control chambers), suggesting an active uptake by this coral. Such uptake has already been demonstrated in a few previous studies on other coral species (Ferrier 1991 , Al-Moghrabi et al. 1993 , Hoegh-Guldberg & Williamson 1999 . However, in these above studies, DOC was mainly in the form of amino acids, which are known to be labile and easy to take up. Whether corals release or take up DOC, and in which form, however, remains to be further investigated. In gorgonians, in situ studies never showed significant uptake of DOC (Ribes et al. 1998 , 1999 , Coma & Ribes 2003 . This study represents a first estimate of the contribution of pico-and nanoplankton to the nutrient budget of corals. Our results indicate that at least nanoplankton may be a major food source for scleractinian corals, which is abundant and constantly available in the waters surrounding every coral colony. Corals are, therefore, able to feed on a wide and heterogeneous diet. 
